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Lipid bilayerGreat progress has been made in applying coarse-grain molecular dynamics (CGMD) simulations to the
investigation of membrane biophysics. In order to validate the accuracy of CGMD simulations of membranes,
atomistic scale detail is necessary for direct comparison to structural experiments. Here, we present our
strategy for verifying CGMD lipid bilayer simulations. Through reverse coarse graining and subsequent
calculation of the bilayer electron density proﬁle, we are able to compare the simulations to our experimental
low angle X-ray scattering (LAXS) data. In order to determine the best match to the experimental data,
atomistic simulations are run at a range of areas (in the NPNAT ensemble), starting from distinct
conﬁgurations extracted from the CGMD simulation (run in the NPT ensemble). We demonstrate the
effectiveness of this procedure with two small, single-component bilayers, and suggest that the greater utility
of our algorithm will be for CGMD simulations of more complex structures.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Elucidating the structures of ﬂuid-phase lipid bilayers has had a
growing impact on our understanding of membrane biology and
biophysics [1–4]. In particular, recent studies have been geared toward
understanding the connection between a membrane's molecular
composition and its structure. For example, the presence of choles-
terol can increase a membrane's thickness, which is frequently
measured by the lipid headgroup-to-headgroup distance (DHH) in
the bilayer's electron density proﬁle (EDP) [5–7]. In the case of single-
component lipid bilayers, the thickness is inversely related to a key
structural parameter, namely the cross-sectional area per lipid
molecule (AL) [1].
X-ray scattering of lipid assemblies such as MLVs, ULVs and
oriented stacks is a widely used experimental technique that can yield
the EDP via Fourier transformation of the scattering intensity (or,
more precisely, the form factor, F(q)) [1]. In particular, small-angle X-
ray scattering (SAXS) gives low-resolution information regarding
overall molecular size; low angle X-ray scattering (LAXS) has been
used to determine thickness and the overall shape of the EDP; and
wide-angle scattering (WAXS) has been used to study features in the
plane of the bilayer, for example micro-domains, or rafts [1,8].
Recently, we and others have used computational all-atom
molecular dynamics simulations (AAMD) in conjunction with LAXS
as an alternative approach for determining lipid bilayer structure, in
particular for determining thickness and AL in single-phase bilayers
composed of either a single lipid or binary mixtures of lipid and
cholesterol or lipid and protein [6,9–11]. In this approach, the Fourierll rights reserved.transform of the EDP (which is calculated directly from simulation)
yields the predicted Fsim(q), which is then compared directly to the
experimentally derived Fexpt(q). This approach treats AL as an
adjustable parameter, wherein multiple simulations of membranes
are run at constant area (in the NPNAT ensemble) until a match to
experiment is determined. Two important aspects of single-phase
bilayers make this multiple-simulation approach tractable. First,
simulations of small bilayer patches are sufﬁcient to get the EDP,
making the simulations reasonably inexpensive and fast to run.
Second, compression or expansion of a pre-equilibrated bilayer can
proceed quickly if brief equilibration (≈10 ps) is allowed at multiple
intervening areas. Full equilibration at a target area can be achieved in
no more than 5–10 ns.
The computational problem becomes signiﬁcantly more compli-
cated when trying to determine structures of bilayers containing
ternary mixtures that are known to undergo macroscopic, lateral
phase separation. Currently, AAMD simulations are not able to access
the time- and length scales necessary to model lateral separation. To
overcome this problem, great progress has been made in the study of
complex membranes through coarse-grained molecular dynamics
(CGMD) simulations [12]. CGMD simulations, in which groups of
atoms are treated as a single bead, can access phenomena on time-
(N10 μs) and length scales (N1000 lipids) still inaccessible to AAMD
simulations [13]. In particular, using theMartini CGMD force ﬁeld [14],
large-scale phenomena including vesicular fusion [15], monolayer
collapse [16], phase transition [17], and lateral domain formation
[18,19] have been successfully simulated. Therefore, CGMD is a
promising tool for determining the structure of complex membranes,
where the lateral organization of the bilayer's components is not
known a priori.
Despite these recent achievements, a detailed comparison
between lipid bilayer structures obtained from CGMD and
2285J.D. Perlmutter, J.N. Sachs / Biochimica et Biophysica Acta 1788 (2009) 2284–2290experiment, namely LAXS, has not yet been performed, and is the
focus of this current study. Comparisons have been made between the
component density proﬁles of AAMD and CGMD simulated bilayers
[20], and it has been noted that these densities are not perfectly
matched. In particular, Martini CGMD lipid bilayers are thicker, and
there is ambiguity when comparing water penetration into the
bilayer's headgroup region [20,21]. Though such discrepancies are
not present in all CGMD formulations [22], they may be an inevitable
result of coarse graining, and do not undermine the general utility of
the approach in generating equilibrated structures of complex
membrane mixtures. These discrepancies do, on the other hand,
necessitate further effort if the CGMD simulations are to be useful in
high-resolution bilayer structure determination.
Testing the equilibrated structures obtained through long time-
and length-scale CGMD simulations is best done through a process of
reverse coarse-graining (rCG), whereby an all-atom model is super-
imposed onto the CG structure, minimized and equilibrated through a
brief AAMD simulation. How brief this equilibration period must be
depends upon the system, and also likely depends upon the scale of
structural resolution being tested. Recently, Shih et al. utilized a rCG
scheme to test the structure of a lipoprotein complex against SAXS
data, and showed reasonable agreement in the small q-regime,
reﬂecting agreement in the overall size and shape of their simulated
particles [23]. In that case, the authors determined that only 0.5 ns of
AAMD simulation was enough to equilibrate the SAXS data, while in a
separate rCG study water permeation through oligomeric peptide
pores required 50 ns [21].
In the case of lipid bilayer structure at the resolution of LAXS (F(q)
and the EDP), the necessary length of equilibration of a rCG structure
has not been established, and is a focus of this study. Equilibration of
the EDP depends upon dynamic sampling of multiple structural
features, for example water penetration into the headgroup region
and bilayer thickness. Our algorithm, which tests for equilibration of
each of these features, starts by selecting a variety of snapshots from
the CGMD trajectories that are then reverse coarse-grained. Unlike our
AAMD simulations, in which the lateral dimensions of the simulation
cell are ﬁxed in time, each CGMD simulation operates under the NPT
ensemble, and thus samples a range of lateral areas. By starting from
snapshots at varying areas, our rCG AAMD simulations can be used to
test for equilibration times and to test the resulting structures directly
against the LAXS experimental data, hence determining AL and
providing additional structural information.
We present results for both 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-
Phosphocholine (16:0–18:1PC or POPC), which has been studied
previously through CGMD and AAMD, and 1,2-Dierucoyl-sn-Glycero-
3-Phosphocholine (di-22:1PC), which we have recently investigated
using all-atomMD and LAXS [6], but has not been studied with CGMD.
We demonstrate that using our multi-scale rCG algorithm, which
allows for equilibration on both large and small length scales, we are
able to accurately match LAXS experimental data for both lipid types.
Our method lays the foundation for future efforts to obtain
experimentally veriﬁed, detailed structural information from CGMD
simulations of more complex multi-component, multi-phase lipid
bilayer systems.
2. Materials and methods
2.1. CGMD simulation
Parameters for the Martini CGMD force ﬁeld and coordinates for
other lipid bilayers adapted for the starting conﬁgurations were
obtained from http://md.chem.rug.nl/~marrink/coarsegrain.html.
Parameters for di-22:1PC were created following the conventions
used for other lipids and are available as supplemental information.
Both the 16:0–18:1PC and di-22:1PC systems contained 128 lipids and
1500 coarse-grain waters.CGMD simulations were run using Gromacs version 3.3.3 [24].
Simulations were performed using periodic boundary conditions and
a constant number of particles (N), pressure (P), and temperature (T).
Bilayers were in the liquid phase, run at a temperature of 303 K for di-
22:1PC and 311 K for 16:0–18:1PC, above the TM for these lipids [25].
We applied the Berendsen temperature and pressure coupling scheme
with relaxation times of 0.1 ps and 0.2 ps respectively, using a
reference pressure of 1 bar. The pressure scheme was applied in a
semi-isotropicmanner resulting in a tensionless bilayer.We utilize the
convention of describing the effective time sampled as a four-fold
increase over the simulation time, due to a “smoothing” of the energy
proﬁle in coarse-grain simulation [14]. Simulations were run with a
time step of 30 fs for a duration of 120 ns effective time, and we
considered timepoints after 20 ns for our analysis of CG bilayer
structural properties.
2.2. AAMD simulation
Bilayer structures generated through CGMD simulation were
converted to an all-atom representation in the CHARMM force ﬁeld
using the CHARMM software package (version 32) [26]. The
coordinates of the coarse-grain beads were used as coordinates for
selected atoms in the lipid (details are available as supplemental
information). These mapped atoms were then restrained using a
harmonic potential while the rest of the system was minimized,
creating a structure that maintains the geometric features of the
coarse-grain model, but allowing energy minimization of the new
atomistic features, similar to the strategy used in a previous study
[23]. CG waters were not included in this part of the process. The all-
atom lipids were then placed in a pre-equilibrated water box and
overlapping water molecules within 2.6 Å of any non-hydrogen atom
were then removed. AAMD simulations were performed in NAMD
(version 2.6) [27], using periodic boundary conditions, and a constant
number of particles (N), lateral area (A), normal pressure (PN), and
temperature (T). TheseNAPNT ensembles were run at a temperature of
303 K for di-22:1PC and 311 K for 16:0–18:1PC. A cutoff of 10 Å was
used for van der Waals interactions and particle mesh Ewald
summation was used for long range electrostatic interactions. The
time step was 2 fs and all bonds involving hydrogens were ﬁxed using
the SHAKE algorithm. Both CGMD and atomistic structures were
visualized using VMD [28].
2.3. Low angle X-ray scattering
The di-22:1PC scattering has been presented previously, and
additional details of the methods used can be found therein [6]. For
both lipid types, synthetic lipids in chloroform were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without further puriﬁca-
tion. All other chemicals were reagent grade. Before preparation of
unilamellar vesicles (ULVs), chloroform was evaporated under a
stream of nitrogen gas, followed by vacuum pumping. The lipid ﬁlm
was then dispersed in 18 MΩ cm water (Millipore, Billerica, MA) at a
total lipid concentration of 20 mg/mL. The lipid dispersions were
extruded using two polycarbonate ﬁlters with pore diameters of 500 Å
to produce ULVs. X-ray data on ULVs were taken at the Cornell High
Energy Synchrotron Source (CHESS).
Corresponding form factors were calculated from the MD simula-
tions through the equation:
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of water, and D is the average dimensions of the simulation box. The
contribution of the sine component is zero in the case of symmetric
bilayers, such as we describe in this study. The experimental form
factors are scaled to the calculated form factors through a least squares
ﬁtting algorithm. The quality of the ﬁt between the experimental and
calculated LAXS proﬁles is quantiﬁed through the root mean square
deviation using the equation:
RMSD =
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where Fsim(q) is the form factor from simulation, Fexpt(q) is the form
factor from experiment, and k is the scaling factor determined
through least squares ﬁtting.
3. Results
The ﬁrst step in our multi-scale strategy for bilayer structure
determination is to run a CGMD simulation. For both 16:0–18:1PC
and di-22:1PC, we have run 120 effective ns of CGMD dynamics,
which is more than sufﬁcient time for relaxation of AL, as shown in
Fig. 1. Large ﬂuctuations in AL are typical of both CGMD and AAMD
bilayer simulations run in the NPT ensemble. The trajectory averaged
values of AL are similar to values observed previously for both lipids.
In the case of di-22:1PC, the CGMD mean AL (67.5 Å2) is very similar
to our recent report using AAMD and LAXS (68.3 Å2) [6]. For 16:0–
18:1PC, there is a slightly larger discrepancy between the CGMD
mean area (65.5 Å2) and that determined by a recent experimental
study (68.3 Å2) [29], though experimental reﬁnement is still
evolving [30]. In the case of another lipid, di14:1PC, the CGMDFig. 1. CGMD structural analysis. (A) Variations in the lateral area per lipid for di-22:1PC
and 16:0–18:1PC CGMD simulations. (B) Variations in the bilayer thickness in CGMD
simulations, as measured through the mean distance between phosphate groups in
opposing leaﬂets.values are signiﬁcantly different (a discrepancy of N5 Å2/lipid, data
not shown).
Fig. 1B shows the time-series for bilayer thicknesses, in this case
measured as the distance between the average phosphate bead
position in the upper and lower leaﬂets (DPP), which equilibrates to
mean values of 50.8 Å (di-22:1PC) and 42.4 Å (16:0–18:1PC). Direct
comparison of the thickness between CGMD and either AAMD or
experiment is complicated by the inherent coarseness of the model.
For example, a CG chain consisting of 4 beads, is considered an
approximate model for a chain of 15–18 carbons. Therefore, it is
unreasonable to expect a precise match between the thickness of the
CGMD model and an AAMD palmitoyl chain which consists of
precisely 16 carbons. Indeed, we observe that the CGMD DPP values
are signiﬁcantly larger than reported in a recent experimental study,
which found DPP of 45.0 Å (di-22:1PC) and 37.6 Å (16:0–18:1PC) [29],
as indicated in Table 1. Therefore, in order to obtain experimentally
veriﬁable structures, it is necessary to convert from a CGMD
representation to an AAMD representation.
Fig. 2 illustrates our reverse coarse-graining process, which is
done to a single frame extracted from the CGMD trajectory. That
frame, once reverse coarse-grained, acts as the starting conﬁguration
for an AAMD simulation. Fig. 2A shows a typical snapshot taken
from the di-22:1PC CGMD simulation. Fig. 2B illustrates the rCG
process for a single lipid, overlaying the CG beads and the AA lipid
structure. Fig. 2C shows the snapshot of the entire bilayer produced
by the rCG process, before waters have been added back. The rCG
atomistic structure is invariably far from equilibrium, as details at
atomic-scale resolution (e.g. bond lengths and angles, and torsion
angles) are absent in the CG representation and there is no physical
basis upon which to base a unique mapping strategy. At this stage of
the rCG process, all that can be fairly stated is that the overall
positions of the lipids are correct. That is, the lateral organization is
consistent with that generated by the CGMD simulation. In order to
equilibrate this AA bilayer, energy minimization and AAMD must
then be performed.
In this study, we have reverse coarse-grained structures from three
CGMD timepoints for each lipid-type. These structures were chosen to
span the range of AL values seen in Fig. 1A, using the highest, lowest
andmedian values. For di-22:1PC these corresponded to timepoints at
t=92 ns (AL=64.3 Å2), t=89 ns (AL=67.6 Å2) and t=54 ns
(AL=70.8 Å2). For 16:0–18:1PC, these corresponded to t=82 ns
(AL=62.7 Å2), t=23 ns (AL=65.6 Å2) and t=67 ns (AL=68.5 Å2).
The resulting rCG structures were then energy minimized (via
steepest descent minimization) and used as starting conﬁgurations
for constant area, AAMD simulation.
Before calculating the EDP and comparing Fsim(q) and Fexpt(q), it
was necessary to determine the length of post-reverse coarse-
graining equilibration. An important structural feature of these
AAMD bilayers that has a substantial affect on the EDP, and that
must be monitored for full equilibration, is the water densityTable 1
Bilayer structural parameters.
di-22:1PC 16:0–18:1PC
AL (Experiment) [Å2] 69.3 68.3
AL (CGMD) [Å2] 67.5 65.5
AL (AAMD) [Å2] 67.6 68.5
DPP (Experiment) [Å] 45.0 37.6
DPP (CGMD) [Å] 50.8 42.4
DPP (AAMD) [Å] 45.1 37.2
Comparison of bilayer structural parameters area per lipid (AL) and distance between
phosphate groups in opposing leaﬂets (DPP), obtained through previous X-ray
scattering experiments [29], our CGMD simulations, and our AAMD simulations
which best match the Fexpt(q). Note that the experiments were performed at room
temperature, and the simulations performed at 303 K (di-22:1PC) and 311 K (16:0–
18:1PC). Temperature differences of this magnitude can cause slight changes in bilayer
structure [36].
Fig. 2. Mapping of a CGMD structure to an atomistic structure. (A) CGMD di-22:1PC
bilayer after 120 ns of dynamics. (B) Overlay of minimized atomistic lipid (“licorice”
representation) with CGMD lipid (transparent spheres) demonstrates that the reverse
coarse-grained structure reproduces the geometry of the CGMD structure. (C) Atomistic
bilayer obtained from reverse coarse graining. CGMD structure is represented as:
Choline group = Blue, Phosphate group = Brown, Glycerol Backbone group = Green,
Methylene and Methyl Chain group = Light Blue, Double Bond group = Black.
Atomistic structure is represented as: Hydrogen = White, Carbon = Light Blue,
Oxygen = Red, Phosphorous = Brown, Nitrogen = Blue. Water is omitted from both
representations.
Fig. 3. Water equilibration in reverse coarse-grained bilayers. Number of water
molecules within 5 Å of different lipid sections for both di-22:1PC (A) and 16:0–18:1PC
(B). Slight changes in the water shell are observed at the beginning of the simulation for
both bilayers.
2287J.D. Perlmutter, J.N. Sachs / Biochimica et Biophysica Acta 1788 (2009) 2284–2290distribution in the headgroup region. Though there is some ambiguity
in assigning water positions that could be somewhat ameliorated by
assuming a Gaussian distribution, we and others have observed that
CG waters in this force ﬁeld do not penetrate deeply enough (as
measured by the centers of the four-water beads) into simulated PC
bilayers, (data not shown, [20,21]). Therefore, our rCG procedure
starts with the lipids only: all CG waters are removed. After the lipids
are reverse coarse-grained, they are placed in a pre-equilibrated AA
water box and overlapping waters are removed. Fig. 3 shows a
representative time-series of the number of water molecules (deﬁned
by the oxygen atom) within 5 Å of the different regions of the lipid.
For both lipids, the results show that our water removal scheme
initially left too great a density of water in the hydrophobic core of
the bilayer. However, this problem was resolved by a short period ofdynamics for each of the rCG simulations (on the order of several ns)
as seen in the time-series.
Fig. 4 plots the relevant time-series for evaluating the equilibration of
the bilayer structure in comparing to LAXS experimental data. Fig. 4A
plots DPP vs. time for each of the three simulated areas and, as expected,
smaller areas correspond to larger thicknesses. In each AAMD bilayer
simulation the thickness decreases from the CGMD thickness (compare
to Fig. 1B) and appears to relax to a stable value in the ﬁrst 5 ns, though
we do observe a continued decrease for the smallest area of 16:0–
18:1PC. Fig. 4B shows the progression of the ﬁrst minima of the
calculated LAXS form factor Eq. (1), as a measure of form factor
relaxation (other choices, for example the position of the other minima
and maxima in F(q) show similar relaxation rates). In agreement with
the decrease inDPP (Fig. 4A), theminimamove outwards in q-space and
are equilibrated by the end of the 5 ns simulation. Most importantly,
Fig. 4C shows the RMSD between Fsim(q) and Fexpt(q), calculated based
upon Eq. (2). This describes the changes of the entire form factor over
the course of the simulation and again shows a similar rate of relaxation.
Based on these data, we conclude that the thickness/LAXS proﬁles are
fully equilibrated within 3 ns of atomistic simulation.
Fig. 5 shows the Fsim(q) for each constant area AAMD simulation,
calculated over the ﬁnal 2 ns of the 5 ns simulations. As expected,
increasing AL (decreasing thickness) shifts Fsim(q) to higher values in q-
space. Similarly, the thicker di-22:1PC has features shifted lower in q-
space than 16:0–18:1PC. We note that it is unlikely that 2 ns
of simulation is able to completely sample the structure of a lipid
bilayer. However, our results suggest a quick convergenceof Fsim(q) after
reverse coarse-graining and accurate match to experiment. Fig. 6
overlays Fsim(q) and Fexpt(q) from the rCG AAMD simulations that have
the lowest RMSD from experiment, showing excellent agreement. For
di-22:1PC, the best agreement results in AL=67.6 Å2 (RMSD=0.076);
for 16:0–18:1PC, the best agreement givesAL=68.5 Å2 (RMSD=0.038).
The areas determined match previous results [29] as shown in Table 1.
Fig. 4. Relaxation of reverse coarse-grained bilayers. (A) Decrease in thickness following reverse coarse-graining over the course of a 5 ns atomistic simulation (di-22:1PC left and 16:0–
18:1PC right). (B) Increase in position in q-space of the ﬁrst minima of Fsim(q) during 5 ns of atomistic simulation. (C) RMSD of Fsim(q) from Fexpt(q) during 5 ns of atomistic simulation.
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We have developed a strategy for experimentally verifying bilayer
structures generated from CGMD simulation. To achieve this, we have
utilized a multi-scale approach that starts with CGMD simulation for
equilibrating large-scale structural features. This is followed by a
conversion to an atomistic representation and a period of AAMD
simulation which equilibrates the atomistic structural features and,
hence, the EDP and Fsim(q). Our results indicate that equilibration of
the LAXS proﬁle occurs primarily within the ﬁrst few nanoseconds of
atomistic simulation, and that we are able to match our rCG bilayers to
experiment with equal accuracy as we have done in our recent study
which used only AAMD and LAXS [6].
An ultimate goal of molecular simulations of membranes is to be
able to calculate their structures at multiple length scales, thus
matching SAXS, LAXS and WAXS scattering proﬁles. Experimentally,
multi-scale structure determination has advanced considerably over
the past several years, with signiﬁcant strides in interpreting
scattering data in terms of the molecular organization in the
dimensions normal to (LAXS) and lateral to (WAXS) the bilayersurface [1,8]. Computationally, while structure determination is not
trivial for single-phase systems, it too has progressed rapidly [31]. On
the other hand, computational structure determination is particularly
challenging for complex mixtures where the lateral distributions of
component molecules are not known, making rational assignment of
starting conﬁgurations impossible and necessitating long equilibra-
tion times. Therefore, the strategy most likely to be successful in the
future is to make use of longer duration CGMD simulations for
equilibrating macro-scale features (e.g. lateral distribution). However,
in coarse graining, what is gained in computational efﬁciency is
necessarily lost in chemical, and hence structural, detail. The relevance
of that lost detail depends upon the scale of structure being probed. In
calculating structures at a scale that is sensitive to atomic-scale
organization (e.g. LAXS and WAXS) the CG structures must be
converted to an atomistic representation in order to obtain accurate,
highly resolved structures. Equilibrated AAMD structures can then be
used to accurately match the scattering data and then to determine
structural parameters with high resolution.
Because the different regimes of X-ray scattering (SAXS, LAXS and
WAXS) that need to be matched by simulation access structural
Fig. 5. Fsim(q) from atomistic simulations at varied lateral area. Comparison between
Fsim(q) calculated from constant area, atomistic simulations for di-22:1PC (A) and 16:0–
18:1PC (B) using timepoints from 3–5 ns.
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and simulated scattering proﬁles requires different degrees of
resolution in the modeling of electron densities. While there has
been moderate debate [6,9,32,33], it is generally accepted thatFig. 6. Area determination through matching of Fsim(q) to Fexpt(q). Overlay of Fexpt(q)
and best ﬁtting Fsim(q) from atomistic simulations for di-22:1PC [AL=67.6 Å2] (A) and
16:0–18:1PC [AL=68.5 Å2] (B).accurate calculation of SAXS and LAXS from AAMD simulation data
can be achieved by assigning all of an atom's electrons to the center of
the atomic bead. In the case of CGMD simulations, this strategy results
in an even lower resolution structural description, diminishing both
our ability to match to experimental data and to precisely determine
structural features such as DPP, DHH (the headgroup thickness), DC
(the hydrocarbon thickness) and DB (the Luzzati thickness) [1]. While
there may be ways to more rationally assign the electron positions
than this, the most efﬁcient and robust approach is simply to reverse
coarse grain as we have demonstrated in this paper. Unlike simulated
LAXS, it is not sufﬁcient to assign electrons to atom centers when
calculating the 2-dimensional WAXS proﬁle [32] and developing the
best algorithm for this calculation is a subject of our ongoing research.
There are several aspects of our approach that bear further
discussion. The mean AL of the CGMD simulation is correct for di-
22:1PC (as well as several other lipids [20]), but not for 16:0–18:1PC.
However, our strategy is still successful for 16:0–18:1PC because the
CGMD simulation samples the correct area. As seen in Fig. 1A, AL for
16:0–18:1PC is at times as large as 68.5 Å2, which is slightly larger than
the experimental value of 68.3 Å2. Therefore, the CGMD simulation
samples the experimentally determined AL for both lipid types
presented in this paper. This is an essential condition for our
algorithm, since accurate matching between Fsim(q) and Fexpt(q)
would not be obtainable at an incorrect area. As one example where
this condition was not met, we have also tested our algorithm for a
single-component di-14:1PC bilayer. The CGMD simulation did not
sample the AL we recently determined (AL=70.2 Å2; data not shown)
[6]. The mean AL from the CGMD simulationwas 64.8 Å2, with a range
of sampled areas of 62.6–67.6 Å2. One possible solution to this
problem would be to use this comparison to experiment in order to
aid in reparameterization of the CGMD lipid force ﬁeld. A second, and
more efﬁcient, possibility would be to artiﬁcially manipulate the
CGMD pressure coupling scheme in order to sample a wider range of
lateral areas.
We have shown that, in the case of single-component bilayers,
equilibration of the LAXS form factor occurs primarily within a few
nanoseconds of the rCG procedure. Application of our algorithm to
complex lipid mixtures, for example ternary mixtures that undergo
lateral phase separation, will inevitably require additional scrutiny, in
particular as regards the equilibration time of the rCG structures. For
example, it is likely that in cholesterol containing systems, the
equilibration time for thickness and both cholesterol and lipid
rotational dynamics will be longer than 3 ns.
A ﬁnal aspect of our approach that should be considered is our
choice to change the ensemble between the CGMD (NPT) and
atomistic (NPNAT) simulations. There is a long standing debate over
the optimal ensemble for modeling lipid bilayers, and how the
ensemble choice affects the structural and dynamic properties of the
system (for review see [31,34]). Therefore, this change in ensemble
could be a source of discrepancy between the CGMD and AAMD
structures. However, this seems unlikely to be a signiﬁcant factor, as a
previous study showed that structures generated using these two
ensembles are similar when their areas are in agreement [35].
We conclude that our multi-scale approach is a potent method for
obtaining experimentally veriﬁable structures from CGMD simulation.
In the ﬁrst step, the larger scale features of the system, such as bilayer
formation, phase transition, or lateral separation can be equilibrated
using CGMD. During this CGMD simulation the parameter of interest
(e.g. AL) is quantiﬁed as a basis for selecting structures for reverse
coarse graining. The structures are then converted to an atomistic
representation, and relaxed in order to allow for comparison to the
relevant experimental data. Here, we have used LAXS, which is an
appropriate experiment for the purposes of verifying bilayer lateral
area and thickness, but not an effective way of verifying other
structural features, such as lateral separation. However, using a similar
multi-scale strategy, we will ultimately be able to obtain atomistic
2290 J.D. Perlmutter, J.N. Sachs / Biochimica et Biophysica Acta 1788 (2009) 2284–2290representations of phase separated bilayers, from which the WAXS
proﬁle will be calculated and compared to experiment. Implementing
this strategy on more complex systems will be the goal of future
investigations.
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